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HEN water iiTues from a fmall aperture in the bottom 
or fide of a veffel, which is kept conftantly full, it lias been 2<A '79 s - 
fuppofed, that the force accelerating the loweft plate of water, 
of indefinitely little altitude, immediately over the orifice, is 
the weight of the incumbent water only ; and therefore, that 
after the motion of the plate has once commenced, the preflure 
of the incumbent column will be diminifhed, and of confe- 
quence, the force accelerating the plate, during its defcent 
through its own altitude, will not be conftant. 

But, in fact, it is not the preffure of the incumbent water, 
which accelerates the loweft plate ; for every plate of water 
immediately incumbent over the hole, abftracting from all 
lateral preflure, begins to be accelerated equally at the fame 
moment ; and therefore the incumbent column, exclufive of 
any lateral preffure, could produce no increafe of velocity, in 
proportion to its increafed height. The force which really 
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accelcates the iffuing plate, is the prefTure of the ambient water, 
which furrounds the cylinder immediately over the aperture; 
and this lateral prefTure being communicated to the upper furface 
of the plate, miift be as much encreafed by the velocity of the 
fuperior defcending plate, as it is diminifhed by that of the 
inferior iffuing plate, fo as to remain constantly of the fame 
magnitude. 

On this principle it can be eafily demonftrated, that the 
velocity with which water fpouts from an aperture in the 
bottom or fide of a veflel, is equal to that which a heavy body 
would acquire in falling through the height of the fluid above 
the orifice. 

This demonstration, however, as Mr. Atwood obferves, is true 
only on hypothefis that the water fuffers no refiftance, but iflues in 
a cylindrical or prifmatic form correfponding to the hole. But, in 
fact, the velocity of the water according to theory will be dimi- 
nifhed by the fri&ion of the particles againfl the edges of the 
orifice ; from their mutual attraction, by which the iffuing particles 
are retarded by thofe which are ftill*m the veflel, and have not 
acquired the velocity of thofe which precede themj but prin- 
cipally from the obliquity of their motions. 

For, as Chev. Du Buat obferves, when water iflues from an 
orifice, the particles will flow from all fides, towards the orifice, 
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with an accelerated motion, and in all directions. If the orifice 
be horizontal, that filament of particles, which anfwers to the 
centre of the hole, will defcend in a vertical line, and will fuffer 
no other refinance than that of the friction caufed by the excefs 
of its velocity above that of the collateral filaments, or by the 
retardation which arifes from the attraction fubfifting between 
them. The other filaments, after they have defcended vertically 
for fome time, are compelled to turn from their vertical courfe, 
and to approach the orifice in different curves ; and when they 
arrive at it, their directions become more ~ or lefs horizontal, 
according as they pafs nearer to or farther from the edge of the 
orifice. The motion therefore is decompofed according to two 
directions, the one horizontal, which is deftroyed by the equal 
and contrary refiflance of the filaments which are diametrically 
opposite; the other vertical, in proportion to which the quan- 
tity of water difcharged is to be eftimated. Hence we fee, that 
the vertical velocity of the filaments decreafes from the centre 
of the orifice to its circumference ; and that the total difcharge is 
lefs, than if all the filaments had iffued vertically, in the fame 
manner with that which anfwers to the centre of the aperture. 
It alfo follows, that the filaments which are nearer to the centre, 
moving fafter than thofe which are nearer to the edges, the 
vein of the fluid, after it has iffued from the orifice, will form 
a cone whofe bafe is the orifice ; that is to fay, that its diameter 
will diminifh, at leaft, to a certain diftance, becaufe the exterior 
filaments are gradually drawn on, in confequence of their 
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mutual attraction, by the interior filaments whofe velocity is 
greater; whence there follows a diminution in the diameter of 
the vein. 

This manner of accounting for the contraction of the vein 
feems more reafonable than that which is given by Newton ; as 
there appears to be no adequate caufe for the acceleration of 
the water, after it has been difcharged from the orifice. 

The diminution of the mean velocity of the water, cauied 
folely by the obliquity of the motions of the ifluing particles, 
exclufive of any other impediment, may be thus determined : 

Let mn (fig. i.) be the diameter of the aperture in the vefTel 
ABDC filled with water: in whatever direction the water 
iflues, its velocity in that direction will, in all cafes, be the fame, 
becaufe the preflure of fluids is the fame in all dire&ions ; thus, 
whether a fluid fpouts perpendicularly upwards or downwards, 
horizontally or obliquely, the fpace through which it is projected, 
in a given time, is the fame. Now to determine this direction, 
fince the horizontal and vertical prefTures are equal, the ifluing 
particles will alTume the intermediate direction, which will 
therefore form an angle of 45 °,. with the plane of the orifice : its 
vertical velocity therefore will be lefs than its direct or total 
velocity in the proportion of the diagonal of a fquare to its fide, 
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or as 7 to 5 nearly ; but the particles of the central filament iflue 
with the full velocity, due to the entire height of the water; 
therefore the velocity of the central particles will be to the mean 
velocity, as 7 to the mean between 7 and 5, or as 7 to 6. This 
is the diminution, as has been faid, which takes place in confe- 
quence folely of the obliquity of the motions with which the 
particles iflue from the orifice : if the other caufes of retardation 
be taken into the account, we may conclude, that the velocity 
mould be diminifhed perhaps in the ratio of 8 or even 9 to 6 j 
which accords very well with experiments. Thus, Polenus makes 
the ratio of the diameters of the contracted vein and aperture, 
which is the fame with that of the mean and greateft velocity, 
to be as 52 to 65 ; Bernouilli 5 to 7 ; Chev. Du Buat 6 to 9. 
When the orifice is infinitely little, the cylinder of iffuing water 
becomes a fingle filament, which is therefore difcharged without 
any obliquity, and there will be no diminution of velocity, 
except fuch as arifes from fridion and the tenacity of the par- 
ticles. If the aperture be encreafed fo as to become equal to the 
bafc of the veffel, the column of water will then defcend like 
a falling body, and therefore the velocity will be the fame as 
before ; but it will not acquire this velocity until the uppermoft 
plate of water has been difcharged. At the beginning of the 
motion, the firft or loweft plate will flow out with a velocity 
indefinitely little ; the next plate with a greater velocity ; and fb 
on, until the upper plate fhall have defcended to the orifice 
which will then iffue with the greateft velocity. But if the 
Vol. VII. H reflel 
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veffcl be fuppofed to be kept conftantly full, the velocity of 
the effluent water will encreafe fo as at length to become equal 
to that which a heavy body would acquire in falling from an 
infinite height. 

Since the middle filament of particles is difcharged with the 
full velocity due to the entire altitude of the fluid above the 
orifice, experiments made on the diftanee or height to which 
fluids fpout, will be found to agree very well with theory, but 
it by no means follows, that all the. filaments flrtrald ; be difcharged 
with the fame velocity: the quantity of the fluid therefore 
difcharged in a given time, may be lefs than that which would 
be difcharged, if all the filaments were difcharged with the 
velocity due to the entire altitude; becaufe this quantity de*- 
pends on the mean velocity of all the filaments. Hence there- 
fore it cannot be inferred from thefe experiments, compared 
with thofe which relate to the height or diftaaace t» which the 
fluid fpouts, that the velocity ©f the water in the orifice is 
lefs than that which is due to the entire altitude ; and that it 
is accelerated immediately after it gets- out of it: becauie the 
diftance to which the fluid fpouts, depends; on the central 
filament only, but the quantity difcharged on dse mean velocity 
of the whole. 

To bring this queftion to the teft of experiment, if all the 
particles were equally accelerated at their difcharge from the 
orifice, and immediately after they leave it, they ought all to be 
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projected horizontally to the very fame diftance Upon an hori- 
zontal plane; but on experiment I found, that when the fluid 
fpouted through an orifice of ,08 of an inch diameter, and was 
kept conftantly at the fame height, the greateft and leaft diftances 
at which it ftruck the horizontal plane were nearly 15 and 12 
inches ; but thefe diftances are proportional to the velocities with 
which they are difcharged. It follows therefore, that all the 
particles are not projected with the fame velocity. It is to be 
obferved; that the particles which are difcharged with the 
greateft and leaft velocities are few in comparifon of thofe which 
are difcharged with intermediate velocities, for while the entire 
fhbwer extended from 15 to 12 inches on the horizontal plane, 
the denfer part was found to occupy only the fpace between i+i 
and iaf inches; fo that the limits of the velocities of the parts 
of the denfer fliower were as 7 and 6,26 ; but the limits of the 
whole were 15 and 12, or as 7 arid 5,6; and the limits by theory- 
are as 7 and 5. But we may perceive, that when the fluid 
fpouts horizontally, the particles which iflue from the upper 
part of the aperture, and which therefore ought to move with 
the leaft velocity, muft encounter thofe below them moving with 
a greater velocity, which will encreafe the diftance to which 
they are proje&ed on an horizontal plane. Likewife, the particles 
which iflue from the loweft part of the orifice, and which ought 
to move with a lefs velocity, than that with which thofe in the 
axis move, in the ratio of 5 to 7, will have their velocity en- 
creafed by their being at a greater depth. The limit therefore of 
the ratio of the diftances to which the particles are projected 
Vol. VII. * H 2 ott 
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on an horizontal plane, muft be lefs than that which refults frorn 
the theory of water iffuing through an horizontal aperture. But 
it is obvious that the greater depth of the lower particles, when 
the orifice is vertical, dannot account for the entire difference 
of diftance to which the particles are projected j for -the depth 
of the orifice being 8,55 inches, and the diameter of the orifice 
,08 of an inch, the velocities on account of the difference of 
depth would be only as ^8,55 to 4/8,63, or as 14,6 to 15 
nearly. Perhaps it might be faid, that this difference of diftance 
was caufed, not by the different velocities, but by the different 
directions in which the particles are difcharged ; fb that thofe 
which are projected in the axis of the vein, will ftrike the ho- 
rizontal plane at a greater diftance than thofe which are projected 
from the edges of the orifice with the fame velocity, but in a 
different direction. But this cannot be the caufe j for when the 
aperture is horizontal, the particles which iffue from the oppofite 
fides m y n of the orifice (fig. 2.) meeting each other, deftroy their 
convergence, and afterwards proceed in the direction of the axis 
of the vein, and therefore the vein will continue nearly of the 
fame diameter : whereas, if the particles crofted each other, with 
the fame velocity, in different directions, they would defcribe inter- 
fering parabolas » x, m /, and the diameter of the vein would con- 
tinually encreafe. In order to determine whether this were the cafe, 
I caufed the fluid to iffue through an aperture in the bottom of the 
veffel, and at the diftance of 12 inches I found the diameter of the 
vein a little encreafed, when the velocity of the efflux was con- 
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fiderable ; but not fenfibly augmented, when the velocity was 
much diminifhed. Since the dilatation of the vein in this cafe de- 
pends on the velocity with which the water iffues from the aperture, 
it is to be inferred, that it is caufed by the refiflance of the air, 
which producing a retardation of the preceding particles, thofe 
which follow impinge againft them, and the thicknefs of the 
vein is encreafed ; for the fame reafon as when the jette is made 
perpendicularly upwards, a broad head is formed in confequence 
of the retardation of the uppermoft particles. Now fince it ap- 
pears, that the dilatation of the vein which arifes either from the 
different directions of the particles, or the refiflance which they 
undergo from the air, or both together, cannot account for the 
difference of diflance to which the particles are projected on an 
horizontal plane, we mult conclude that this difference is caufed 
by the different velocities with which they efcape from the 
orifice. 

When a tube mnrs (fig. 3 ) is inferted into the veflel A BCD; 
it is found, that the velocity is increafed nearly in the fub-duplicate 
ratio of the length of the pipe, when the tubes are fhort ; and 
that it approaches nearer to that fub-duplicate ratio, according as 
the length of the pipe is increafed. To account for this increafe 
of velocity has appeared, a matter of fome difficulty, fince the 
water cannot iffue at r s with a greater velocity than it enters at 
mn\ and it does not appear how the velocity at wn can be en- 
creafed by inferring, a. tube beneath it. In order to explain the 
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caufe of this effect, we are to confider, that the whole force with 
which the plate mn is preffed down,is the weight of a column of 
water equal to e m nf, together Mfttfo the weight of a column of 
air of the fame bafe, reaching to the top of the atmofphere; and 
the whole force with which it is preffed up, is the weight of an 
equal column of air, diminished by the weight of a column of 
water equal to m nr s ; therefore the a&ual force with which the 
plate mn is preffed down, k the weight of a column of water 
equal to efrs\ the velocity therefore with which the plate mn 
will iffue through the orifiee mn, will be the fame as through the 
orifice r s in the veffel A£rD; that is, equal to the velocity which 
a heavy body would acquire in falling through the altitude e r ; 
and all the plates of water in the tube m nr s will defcend with 
the fame velocity ; for they cannot defcend faftcr, becaufe other- 
wife there would be a vacuum left in the tube, which is pre- 
vented by the upward preffure of the atmofphere. And the 
velocity of the effluent water will be the fame, whatever be the 
preffure of the atmofphere, provided the weight of a column of 
air of the fame bafe with r /, and whofe height is equal to that 
of the atmofphere, be either greater than or equal to the weight 
of the pillar of water mnrs. This might be proved experi- 
mentally by a veffel of water with a pipe inferted in the bottom, 
placed under an exhausted receiver. But as the operation of ex- 
hauftion is obftru&ed more by the evaporation of water than of 
mercury, it will be better to ufe mercury in thefe experiments. 
Now if D be the defect of the gage from the ftandard altitude, it 
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will meafiire the preflure of the air on the furface of the mercury 
in the veffel ; let A be the altitude of the mercury in the veffel 
above the upper orifice of the pipe, and P the length of the pipe ; 
then the whole force prefling downwards the plate of mercury 
which is immediately in the upper orifice of the pipe, will be 
= D + A j and the whole fore© prefling the fame plate upwards 
will be D — P; and the difference between thefe forces will be the 
abfolute force prefling the fame plate of mercury downwards; 
while D is greater than P, this abfolute force will confequently be 
equal to A-f-P; when D = P, D — P vanifhes,, and the force 
prefling the plate downwards is = D + A = P-r-A; hence therefore 
no variation in the time of the efflux will be perceived, while the 
altitude of the mercury in the gage is equal to or lefs than the 
difference between the length of the pipe and the ftandard altitude. 
When D is lefs than P, the force upwards is alfo nothing ; and 
therefore, as before,, the whole force prefling the plate down- 
wards isBsD+Aj and A being given, it decreafes according as 
D decreafes;. and when D vanifhes, that is, when the receiver is 
abfolutely exhaufted, the force becomes equal to A,. and the time 
of the efflux will be the fame,- as if the pipe had not been in- 
ferted in the bottom of the veffel. To try the truth of thefe 
things by experiment, I inferted a tube 7,8 inches long in a cy- 
lindrical veflel, and clofing the orifice of the pipe, I filled the 
veffel with mercury to the height of 6 inches; then placing the 
apparatus under the receiver of an air-pump, when the barometer 
was at 30 inches* and the. gage at 28,5, the time of the efflux 

was 
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was 26 feconds ; when the experiment was repeated precifely in 
the fame manner, but in the open air, the time of the efflux was 
only 19 feconds. Now as the gage flood at 28,5, the defect D 
was 30 — 28,1; = 1,5, and the preffure on the plate of mercury was 
== 6 _j. 1 -j — Jj; in the open air the preffure was = 6 + 7,8 = 
13,8; therefore the ratio of the velocity of the efflux in both 
cafes, which is the fame with the reciprocal ratio of the times, 
was V7I to ^13,8, or as 2,73 to 3,7; but 2,73 is to 3,7 as 19 to 
26 very nearly. No difference was bbferved in the times of the 
efflux, when in the open air and exhaufted receiver, unlefs the 
gage flood higher than 22? inches ; that is, unlefs the height of 
the mercury in the gage was greater than the difference between 
the length of the pipe and the ftandard altitude. In another ex- 
periment, when the gage flood at 27,9, the height of the barometer 
was 29,9 ; the defect therefore was = 2, and the preffure = 8. 

But V8"= 2,828, and ^13,8 = 3,7 but 2,828: 3,7 : : 19 : 24, and 
by experiment the time of the efflux appeared to be 23 feconds. 
When the efflux is made in vacuo, it is obvious to obferve, that 
the pipe is not filled during the efflux, as it is while the difcharge 
is made in the open air. 

Since the column of water in the pipe mnrs adds to the 
preffure which the plate m n fuftains, by dimiriiihing the upward 
preffure of the air through the pipe, it appears that it produces 
this increafe of preffure in the plate m n alone, without producing 
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any lateral preffure in the water which is on a level with mn ; for 
it is manifefl, that if an aperture were made in wBorsC, the 
velocity of the water iffuing through it would not be affected by 
the infertion of the pipe; and consequently that the plate mn, 
which is immediately in the orifice of the pipe, is the only one, 
on the fame level, whofe tendency downwards is increafed by 
the infertion of the pipe. Hence, the particles of water at the edge 
of the aperture, having their perpendicular preffure encreafed by 
the weight of the column tnnrs, without any increafe of their 
lateral preffure, they will iffue through the orifice m n more per- 
pendicularly ; the fides alfo of the tube will obftruct the con- 
verging motion of the particles, and confequently, on both thefe 
accounts, the quantity of water difcharged through a pipe thus 
inferted, will exceed that difcharged through a fimple orifice, in 
a greater ratio than the fub-duplicate of the height of the water. 
And according as the length of the pipe encreafes, the ratio of 
the quantity of water actually difcharged by experiment, to that 
which fhould be difcharged according to theory, will increafe j 
becaufe the ratio of the perpendicular to the horizontal preffure 
increafes, in the ratio of the fum of the depth of the veffel and 
length of the pipe, to the depth of the veffel. It follows therefore, 
that experiments made in this manner, will approach nearer to 
coincidence with theory, than when made with a fimple orifice ; 
except either when the tube is fo long as that the friction of the 
fluid againft the fides of the tube fhall produce a fenfible effect, or 
Vol. VII. I when 
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ii is lb fhort, as not to be fufficient to give the particles a vertical 
direction A'l v* Inch agrees very well with the experiments made 
by the ingenious Mr. Vince, of which he has given us an account 
in the Phil. Tranf. for the year 1795. Thus he tells us, that 
having infertcd a tube, a quarter of an inch in length, into a 
cylindrical vefTel 12 inches deep, he found that the velocity did 
not fcnfibly differ from that through the orifice ; the caufe of 
which he difcovered to be this, that the ftream did not fill the 
pipe, but that the fluid was contracted, as when it flowed through 
the fimple orifice. When the pipe was half an inch long, inferted 
iato a vcflel of the fame depth as before, the velocity of the water 
from the pipe and from the orifice, which ought by theory to 
have been as ^12,5 to */j2, or as 49 to 48, was by experiment 
found to be nearly in the proportion of 4 to 3. Now if the ratio 
of 49 to 48 be increafed in the ratio of 7 to 6, (becaufe this is the 
ratio of the diminution of the velocity on account of the con- 
traction of the vein, and this contraction either nearly or entirely 
vaniflies in a pipe,) we fhall have the ratio of 3,57 to 3. When 
the pipe was an inch long, the velocity from the pipe and from 
the orifice, which, according to theory, ought to have been as 
4/13 to v/12, or as 26 to 25, appeared by experiment, very nearly 
in the ratio of 4 to 3 ; now if the ratio of 26 to 25 be encreafed 
in the ratio of 7 to 6, we fhall have the ratio of 3,64 to 3. When 
he made ufe of longer pipes, the velocity of the effluent water 
by experiment approached nearer to thai which ought to have 
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been difcharged according to theory; fo that in long pipes, the 
difference between theory and experiment, he fays, was not 
greater than what might be expe&ed from the frj&ion of the 
pipes, and other caufes which may be fuppofed to retard the 
velocity. When he inferted a pipe of the fame diameter with the 
aperture, which terminated in a truncated cone fixed in the 
orifice, (fig 4.) he expe&ed, that the quantity of water difcharged 
in a given time would have been diminished* becaufe the water* 
iffuing through the orifice mn, would have room to form the 
vena contrafta in the enlarging cone; but he found, that the 
fame quantity of water was difcharged, as if the pipe had con- 
tinued throughout of the fame diameter with the orifice. The 
reafon of this is manifeft from what has been faid, for the preffure 
of the air will not fuffer the truncated cone to remain partly 
empty, as it would be if the vena contrafia were formed ; it 
will therefore continue full, and confequently the water will 
pafs through it in the fame manner as if the water in the cone, 
furrounding the pipe mabn, were congealed. 

Mr. Vince likewife inferted into the bottom of the veflel a 
perpendicular pipe, in form of a truncated cone, the narrower 
part being fixed in the orifice; by which he found the efflux to be 
encreafed more than if he had inferted a cylindrical pipe of the fame 
length, whofe diameter was equal to that of the narroweft part 
of the conical pipe. This effect maybe explained on the fame 
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principle by which we accounted for the augmentation of the 
diameter of a vertical vein of water, through a fimple orifice, 
when the velocity of the efflux is considerable. For when a per- 
pendicular pipe is inferted, the velocity of the difcharge being 
confiderably encreafed, the refinance from the air will be fo like- 
wife ; and thus the diameter of the vein has a tendency to en- 
large itfelf; now in the widening cone, the pipe admits of this 
augmentation, at the fame time that it encreafes the velocity; but 
the cylindrical pipe, though it equally encreafes the velocity, yet 
it does not permit the vein to enlarge itfelf, and by thus con- 
fining it, the efflux is obftructed, and the quantity difcharged in 
a given time is diminished. Accordingly, under the receiver of 
an air-pump, even in a moderate degree of exhauftion, there is 
no difference perceived between the velocities with which a fluid 
is difcharged through a conical or cylindrical pipe. 
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